Non-specific surface adsorption of bio-macromolecules (e.g. proteins) on nanoparticles, known as biofouling, and the uptake of nanoparticles by the mononuclear phagocyte system (MPS) and reticuloendothelial system (RES) lead to substantial reduction in the efficiency of target-directed imaging and delivery in biomedical applications of engineered nanomaterials in vitro and in vivo. In this work, a novel copolymer consisting of blocks of poly ethylene glycol and allyl glycidyl ether (PEG-b-AGE) was developed for coating magnetic iron oxide nanoparticles (IONPs) to reduce non-specific protein adhesion that leads to formation of "protein corona" and uptake by macrophages. The facile surface functionalization was demonstrated by using targeting ligands of a small peptide of RGD or a whole protein of transferrin (Tf). The PEG-b-AGE coated IONPs exhibited anti-biofouling properties with significantly reduced protein corona formation and nonspecific uptake by macrophages before and after the surface functionalization, thus improving targeting of RGD-conjugated PEG-b-AGE coated IONPs to integrins in U87MG glioblastoma and MDA-MB-231 breast cancer cells that overexpress α v β 3 integrins, and Tf-conjugated PEG-b-AGE coated IONPs to transferrin receptor (TfR) in D556 and Daoy medulloblastoma cancer cells with high overexpression of transferrin receptor, compared to respective control cell lines. Magnetic resonance imaging (MRI) of cancer cells treated with targeted IONPs with or without antibiofouling PEG-b-AGE coating polymers demonstrated the target specific MRI contrast change using anti-biofouling PEG-b-AGE coated IONP with minimal off-targeted background compared to the IONPs without anti-biofouling coating, promising the highly efficient active targeting of nanoparticle imaging probes and drug delivery systems and potential applications of imaging quantification of targeted biomarkers.
Introduction
While engineered nanomaterials, particularly nanoparticles, have provided many novel tools and applications in molecular diagnosis, biomarker targeted imaging and delivery of therapy in the past decade, 1-8 a well-recognized major obstacle is the non-specific interaction between nanoparticles and endogenous biological materials. This biofouling effect leads to changes in the nanoparticle surface and functional properties and subsequent nanoparticle aggregation, as well as undesirable cellular uptake and immune system response. [9] [10] [11] For in vivo applications after systemic administration and in vitro applications with tissue and plasma samples, nanoparticles are subject to immediate interactions with biomacromolecules, such as proteins in the blood, interstitial fluid, and cellular cytoplasm. 12 The rapid non-specific adsorption of proteins results in the formation of a protein layer, or protein corona, on the nanoparticle surface. 13, 14 The presence of the protein corona is responsible for the fast clearance of nanoparticles by the mononuclear phagocyte system (MPS), particularly macrophages, 8 and the reticuloendothelial system (RES), such as the liver, spleen, and lung. [15] [16] [17] [18] [19] The biofouling or surface adsorption of bio-macromolecules and non-specific uptake of nanoparticles by normal tissue and cells cause the substantial reduction in targeting efficiency and the off-target background signal in imaging, 20 as well as unwanted toxicity to the normal tissues in biomarker targeted drug delivery applications. In the effort to develop anti-biofouling materials, poly ethylene glycol (PEG), polysaccharides and zwitterionic polymers have been investigated. 8, [21] [22] [23] [24] Although these materials have shown the capability of reducing biofouling given their inert structures, the facile functionalization of these materials for introducing targeting ligands is challenging. [24] [25] [26] Currently, the most commonly used strategy to overcome non-specific protein adsorption and cell uptake is to graft PEG onto the nanoparticle surface, [26] [27] [28] [29] [30] [31] because PEG facilitates the formation of a hydrate film around the particle through hydrogen bonding with water, which attenuates the protein interactions, cell uptake, 27 and immunogenic response. [32] [33] [34] [35] [36] [37] [38] [39] [40] In order to immobilize targeting ligands onto nanoparticles with PEG based coating, the typical approach is to introduce additional moieties that contain reactive groups (e.g. -NH 2 or -COOH) for functionalization. 24, [29] [30] [31] Since surface charge may promote the phagocytosis process, 26, [41] [42] [43] [44] the surface charge introduced from the reactive groups would "offset" the anti-biofouling effect from PEG. Hence, a coating material that bears reactive functional groups yet still exhibits anti-biofouling property is desirable.
Herein, we report the development of a novel anti-biofouling amphiphilic diblock coating polymer that incorporates aminated hydrophilic PEG chains with hydrophobic allyl glycidyl ether (AGE) moieties, and can potentially control functional ligand density of the coating polymer during the polymerization of AGE through anionic ring-opening of the glycidyl group. 45 The allyl group of AGE can be utilized for the attachment of other functional segments, e.g. anchoring groups, through the highly efficient and regioselective thiol-ene coupling reaction with great tolerance toward a variety of functional groups. 45, 46 This PEGb-AGE copolymer utilizes the reactive trimethoxysilane group in one segment to "anchor" on the surface of highly size uniformed magnetic iron oxide nanoparticles (IONPs) obtained polymer coated IONPs with core diameters of both 10 nm and 20 nm were highly monodispersed in water. A thin polymer layer around the core of the IONPs can be observed in the TEM images. The thickness of the coating polymer layer is estimated to be 2.5 nm based on the measurements from TEM images. The average hydrodynamic diameters of the PEGb-AGE polymer coated IONPs with core diameters of 10 nm and 20 nm were measured at 22.4 nm and 30.5 nm, respectively ( Table 1 ). The polydispersity indexes (PDIs) are 0.213 for a nanoparticle with a core size of 10 nm and 0.225 for that with core size of 20 nm. The low PDI values of the hydrodynamic diameter measurements indicate narrow size distributions of PEG-b-AGE polymer coated IONPs. 47 The number of surface -NH 2 groups for each particle was determined using the ninhydrin colorimetric method, and found to be 606 ± 84 and 1720 ± 214 for the PEG-b-AGE polymer coated IONP with core diameters of 10 nm and 20 nm respectively ( Table 1) .
Conjugation of targeting ligands to the PEG-b-AGE polymer coated IONPs
Biomarker-targeted application is a major focus of nanomaterial development with a wide variety of targeting ligands, including small molecules, peptides, proteins, antibodies and their fragments, polysaccharides, and aptamers, being used and explored. 25, 48, 49 The conjugation reaction conditions for assembling ligands to the nanoparticle surface have to be as mild and biocompatible as possible to maintain the biological functions of targeting ligands. To enable a robust capability of conjugating various targeting moieties on the developed PEG-b-AGE polymer coated IONP, the "click" reaction between the thiol group and maleimide was used for the conjugation of ligands because of its high efficiency, good control of functional groups used for conjugation, and water compatibility. 45 A small peptide RGD and a large protein transferrin (Tf), both frequently used to test nanoparticle targeting of overexpressed integrin or transferrin receptor (TfR), [50] [51] [52] [53] were used as the model ligands to demonstrate the robustness of the conjugations of different classes of targeting ligands to the PEG-b-AGE polymer coated IONP. The successful attachments of the targeting ligands to the PEG-b-AGE polymer coated IONP were first confirmed by the observed increase in hydrodynamic diameters and change of ζ-potentials of the nanoparticle after conjugations (Table1).
PEG-b-AGE polymer coated IONPs with -NH 2 group functionalized have slightly positive surface potential due to the presence of -NH 2 groups. The surface charge of the nanoparticle became negative as the result of the neutralization of -NH 2 groups when ligands were covalently conjugated. The change of ζ-potential values after conjugations was in accordance with previously reported study. 28 The greater absolute values of ζ-potential for particle with 20 nm core size comparing to the one with 10 nm core can be ascribed as a higher number of targeting ligands conjugated on the larger particle which has more -NH 2 groups. This hypothesis was confirmed by the -NH 2 group quantification using ninhydrin. Since RGD is a small peptide that should not expand the hydrodynamic diameters significantly, the hydrodynamic diameters of the particles (with core diameters of both 10 nm and 20 nm) slightly increased after conjugation with RGD. On the other hand, the conjugation with a large protein, such as transferrin (80 kDa), led to a significant increase in the hydrodynamic diameter. The average number of transferrin molecules attached to each nanoparticle is 2.4 estimated by comparing the protein concentration to the IONP concentration of the Tf-IONP. Since RGD has an aspartic acid (asp) residue that contains one COOH group, the average number of conjugated RGD can be determined by quantifying the number of COOH groups. It was found that 456 ± 60 and 1447 ± 105 RGD peptides were conjugated to the IONPs with core diameters of 10 nm and 20 nm, respectively.
Reduced protein adsorption on PEG-b-AGE polymer coated IONPs
In soluble media such as blood, serum proteins can non-specifically adsorb onto the surface of nanoparticles and form stable protein corona very rapidly upon contacting nanoparticles. 25, 54, 55 To test whether PEG-b-AGE polymer can reduce the formation of protein corona around the coated IONPs, the nanoparticles were incubated with the protein containing media for one hour to allow the adsorption of proteins and formation of the corona. Given the better efficiency of magnetic separation used in this experiment, the particles with 20 nm core diameter were used. After the surface protein corona was washed off by KCl solution, the protein concentrations in the wash-off solution were measured using the bicinchoninic acid (BCA) protein assay. As shown in Figure 3A , for the PEG-b-AGE polymer coated IONP (with a core diameter of 20 nm), the protein concentrations of the wash-off solutions were 47 μg/mL for particle in FBS, and 97μg/mL in human plasma. In comparison, iron oxide nanoparticles coated with conventional amphiphilic triblock copolymer (SHP with a core diameter of 20 nm), which has 2012 ± 162 -COOH groups on the surface, had protein concentrations in the washed-off solution of 623 μg/mL in FBS, and 792 μg/mL in human plasma. The significantly reduced level of proteins adsorbed on the surface of PEG-b-AGE polymer coated IONP clearly indicate efficiently reducing the nonspecific protein adsorption onto the nanoparticle surface, suggesting the excellent antibiofouling property of the developed PEG-b-AGE coating polymer.
Since the formation of corona can change the size, shape and surface charge of nanoparticles 56, 57 the anti-biofouling property of PEG-b-AGE polymer coated IONPs was examined by measuring the size stability in protein containing medium. The hydrodynamic size of PEG-b-AGE polymer coated IONP (with a core diameter of 20 nm) demonstrated remarkable stability against the protein adsorption in 100% FBS within 24 hours with only slight change of the hydrodynamic size, as shown in Figure 3B , suggesting that the presence of the proteins in the media did not change the surface properties of the PEG-b-AGE polymer coated IONPs significantly. In contrast, the hydrodynamic size of SHP-20 exhibited substantial increase in hydrodynamic size from 45 nm to 130 nm over a period of 24 hour incubation when exposed to only 10% FBS. These results are in great accordance with the results of the surface protein corona measurement, suggesting the anti-biofouling properties of the PEG-b-AGE polymer coated IONPs. Although a careful and systematic investigation may be needed to elucidate the mechanism, it is considered that AGE moieties may contribute to the enhanced anti-biofouling property of PEG-b-AGE polymer coated IONP. The hydrophobic AGE layer provides extra stability of the polymer coating over simple PEGylation, which can be replaced by biomolecules under physiological condition. 58 As a result, PEG-b-AGE polymer coating may have a sustained anti-biofouling effect.
Worth noting, PEG-b-AGE polymer coated IONP also exhibited good stability in PBS and 10% NaCl solutions (shown in Figure 3B ), which provided high surface charge and ionic strength that may lead to particle aggregation. 48 The PEG-b-AGE polymer coated IONP showed little change in hydrodynamic size in both PBS and 10% NaCl solution. When 0.9% NaCl solution was used to mimic the physiological ionic strength, PEG-b-AGE polymer coated IONP demonstrated good stability in 0.9% NaCl solution as well.
Reduced non-specific cell uptake of nanoparticles and improved targeting The innate immune system or the non-specific immune system, including monocytes, macrophages, dendritic cells, etc., is responsible for the immune response and cleaning out foreign materials from the body. 59, 60 Macrophages in particular play the key role in clearance of nanoparticles and reducing the long term toxicity, recognizing and then engulfing systemically administered nanoparticles. 61 However, non-specific macrophage uptake of nanoparticles and ensuing migrations lead to shortened blood circulation and low level of delivery of nanoparticle probes to the targeted diseased region as well as off-target background signals.
In this work, RAW264.7 macrophage, a frequently used mouse macrophage cell line, was selected to examine the capability of PEG-b-AGE coated IONPs to avoid non-specific cellular uptake before and after conjugations with targeting ligands. Before the conjugation with targeting ligands, the PEG-b-AGE polymer coated IONP showed no uptake by macrophages after incubating with RAW264.7 cells for three hours at the Fe concentration of 0.2 mg/mL ( Figure 4A and 5A). After the conjugation with ligands RGD or Tf, it was found that the RGD-conjugated PEG-b-AGE polymer coated IONPs (RGD-IONP) still showed no uptake by macrophages ( Figure 4E ), even though the surface property of the particle had been altered due to the introduction of the targeting ligands. Figure 5E shows that the macrophage cells exhibited a very low level uptake of Tf-conjugated PEG-b-AGE polymer coated IONP (Tf-IONP), which can be attributed to a low level expression of TfR in RAW264.7 macrophage. As a control, the amphiphilic polymer coated SHP-10 exhibited significant uptake by macrophages even at the Fe concentration of 0.025 mg/mL ( Figure 4I and 5I).
The improved targeting capabilities as the result of the anti-biofouling property of the conjugated RGD or Tf conjugated PEG-b-AGE polymer coated IONPs were examined in vitro using different cancer cell lines with different cell marker expressions. For RGD-IONP, MDA-MB-231 breast cancer cells and U87MG glioblastoma cells were selected as the positive control for testing RGD targeting the tumor integrin because both cells have high expression of the integrin α v β 3 . 62,63 MCF-7 breast cancer cells with low expression of the integrin α v β 3 were used as the negative control. 62 As shown in Figure 4 , before the conjugation of RGD targeting ligand, no PEG-b-AGE coated IONP uptake was observed for all three different cancer cell lines ( Figure 4B , C, and D). After conjugating with RGD targeting ligands, only cells with high expression of the integrin α v β 3 , i.e., U87MG and MDA-MB-231, exhibited the uptake of RGD-IONPs ( Figure 4F and G), but not with the negative control MCF-7 breast cancer cells ( Figure 4H ). In comparison, an intensive uptake of amphiphilic copolymer coated SHP-10 by U87MG, MDA-MB-231, and MCF-7 cells was observed even without the conjugation of RGD targeting ligand ( Figure 4J , K, and L), which suggested the attenuation of targeting efficiency as a result of the off-target effect and background interference from non-specific normal cell uptake. The cell uptake results and the comparison clearly demonstrated the excellent targeting specificity of the RGD conjugated PEG-b-AGE polymer coated IONP attributed to its anti-biofouling property to avoid non-specific cell uptake.
For testing Tf-IONP, D556 and Daoy medulloblastoma cells with high expression of TfR were selected for the experiments. Lung cancer A549 cells with very low levels of TfR expression were used as a control. As shown in Figure 5 , no uptake of PEG-b-AGE coated IONPs was observed for all three different cancer cells ( Figure 5B , C, and D). However, when using Tf-IONPs, only the D556 and Daoy cancer cells with high expression of the TfR exhibited the uptake of the Tf-IONPs ( Figure 5F and G), but no uptake of Tf-IONP could be observed for the control of A549 lung cancer cells ( Figure 5H ). In contrast, intensive uptake of the non-targeted SHP by D556, Daoy and A549 cells was observed, making it difficult to differentiate the different levels of TfR in different cells. Taken together, the results clearly indicated the excellent and improved targeting specificity and efficiency of the ligand conjugated PEG-b-AGE polymer coated IONP by minimizing non-specific cell uptake with anti-biofouling properties.
In vitro cell cytotoxicity analysis
In order to apply the PEG-b-AGE polymer coated IONP to biomedical purposes, a cytotoxicity evaluation of the particle was carried out. RAW264.7 macrophage cells, U87MG glioblastoma cells, MDA-MB-231 breast cancer cells, MCF-7 breast cancer cells, Hela cells, D556 medulloblastoma cells, Daoy medulloblastoma cells, and A549 lung cancer cells were selected to incubate with PEG-b-AGE coated IONP (with a core diameter of 10 nm) with Fe concentration ranging from 0.500 mg/mL to 0.008 mg/mL for 24 hours. Afterwards, cell viability was estimated using the MTT conversion test. As shown in Figure  6 , even when the PEG-b-AGE polymer coated IONP was added at exceedingly high concentrations at 0.500 mg/mL, the cell survival rates still reached 83% for macrophage cells. The PEG-b-AGE polymer coated IONP at lower concentrations did not exhibit statistically significant cytotoxicity (p ≥ 0.05). For cancer cells, cell viabilities started to decrease when treated with PEG-b-AGE polymer coated IONPs at higher concentrations (0.250 and 0.500 mg/mL). The patterns of reduced cell viabilities were also observed when treating these cells with PEG-b-AGE polymer coated IONPs for much longer time (3 days) (shown in Supporting Information). The MTT assays were also performed for RGD conjugated and Tf conjugated IONPs using the same cell lines, the results of cell viabilities can be found in Supporting Information.
Target specific MRI contrast change and reduction of off-target background
IONPs are mostly used as superb T 2 -weighted MRI contrast agents, typically causing signal drops in MRI 29, 30 by sharply shortening the transverse relaxation time T 2 and dephasing the signal with induced susceptibility. 64 To assess the potential of the PEG-b-AGE polymer coated IONP being an imaging probe, the transverse relaxation time T 2 was determined by fitting the MRI signal intensities at different echo times (n = 20) with an exponential function. The transverse relaxivity (r 2 ) was calculated from the slopes of the linear correlation between the relaxation rates (1/T 2 ) and iron concentrations. A typical hypointense contrast from the PEG-b-AGE polymer coated IONP was observed in T 2weighted spin echo images ( Figure 7A ), and the transverse relaxivities of the IONPs were calculated to be 57.6 mM −1 s −1 and 162.6 mM −1 s −1 respectively for nanoparticles with core diameters of 10 nm and 20 nm ( Figure 7B ).
To examine whether reducing non-specific uptake and off-target background by antibiofouling PEG-b-AGE polymer can improve specificity of MRI contrast change that is directly related to the targeting cell biomarker, we prepare the cell phantoms containing D556 medulloblastoma cells, A549 lung cancer cells, and RAW264.7 macrophage cells, treated with Tf conjugated IONPs with or without anti-biofouling PEG-b-AGE coating. Because 20 nm particle has greater transverse relaxation rate (R 2 ) than 10 nm particle (i.e. better contrast under same condition), the PEG-b-AGE coated IONP with a core diameter of 20 nm and SHP-20 were used for the phantom preparation. R 2 (or 1/T 2 ) relaxometry mapping of these cell phantoms showed substantial increase of R 2 values in cells (e.g., D556, A549 and RAW264.7 cells) treated with SHP-20 but no significant change of R 2 value in cells treated with PEG-b-AGE polymer coated IONPs, with the exception of a slight increase of the R 2 values in PEG-b-AGE polymer coated IONPs with D556 medulloblastoma cancer cells ( Figure 8A and C). Since R 2 value is directly proportional to the amount of IONP taken up by cells (i.e. the higher the R 2 value, the more IONP taken up by cells), the R 2 (or 1/T 2 ) relaxometry results from cell phantom (in Figure 8A and C) suggest a significant reduction of off-target background with PEG-b-AGE polymer coated IONPs comparing to conventional polymer coated SHP-20, attributed to the anti-biofouling effect of the PEG-b-AGE coating polymer. With transferrin as the targeting ligand, Both Tf-SHP and PEG-b-AGE polymer coated Tf-IONP showed expected increase of contrast or "darkening" in T 2 -weighted MRI (increased R 2 value) in D556 cells compared to nontargeted SHP-20 and IONPs as well as the control A549 cells ( Figure 8B and D), due to a higher level of transferrin receptor expression in D556 cells. However, The control A549 cells treated with TfR targeted SHP-20 showed substantially lower signal level comparing to A549 cells treated with PEG-b-AGE polymer coated Tf-IONP, suggesting that antibiofouling effect from PEG-b-AGE polymer coated Tf-IONP led to the reduction of nonspecific uptake of targeted IONPs by the cells not presenting targeted biomarkers, therefore, attenuated off-targeted background signal ( Figure 8B and D) . Taking together, receptor targeted PEG-b-AGE polymer coated IONPs can improve targeted specific delivery and image contrast by not only maintaining ligand-target interactions without interference of "protein corona" or other surface adhesion of biomolecules, but also reducing the off-target background signals led by non-specific cell uptake of targeted IONPs. The reduction of the background from the non-specific off-targeting signal is important, as this improvement allows for considering using targeted nanoparticle imaging probes (e.g., MRI, optical imaging or nuclear imaging) to determine and even quantify the levels of targeted biomarkers. The imaging probes thus not only can detect the overexpressed disease biomarkers, but also provide the quantitative capability to monitor disease progression or treatment responses. Furthermore, the reduction of off-target uptake of nanoparticles in background may also benefit the nanoparticle based drug delivery by improving the targeted delivery and minimizing the toxicity due to the normal tissue uptake.
Experimental Materials
Sodium hydride (dry, 95%), sodium sulfate (anhydrous), sodium hydroxide (97%), nickel perchlorate hexahydrate, pyrocatechol violet, methanesulfonyl chloride (99.5%), sodium azide (99%), triphenylphosphine (99%), poly (ethylene glycol) (PEG) 1000 (Molecular weight = 1000 g/mol), allyl glycidyl ether (99%), 2,2-azobis(isobutyronitrile) (AIBN, 98%), (3-mercaptopropyl)trimethoxysilane (95%), (3-aminopropyl)trimethoxysilane (97%), ninhydrin, sodium acetate trihydrate, 1,10-phenanthroline (99%), ethanol (200 proof), deionized water, dicloromethane (ACS grade), and toluene (anhydrous) were purchased from Sigma-Aldrich and used as received. Tetrahydrofuran (THF) was purchased from Sigma-Aldrich, and dried by distillation over sodium before use. Triethylamine (99.5%) was purchased from Sigma-Aldrich, and dried by 3 Å molecular sieves. Agarose was purchased from Fisher. Oleic acid coated IONPs (with an averaged core diameter of 10 nm or 20 nm), amphiphilic polymer coated water-soluble IONP (SHP), activation buffer (pH 5.5), and coupling buffer (pH 8.5) were obtained from Ocean Nanotech LLC. Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC), 2-Iminothiolane•HCl (Traut's reagent), N-(hydroxysulfosuccinimide) (Sulfo-NHS), 1-ethyl-3-[3dimethylaminopropyl]carbodiimide hydrochloride (EDC), and BCA protein assay kit were purchased from Thermo Scientific. MTT assay kit was purchased from Sigma-Aldrich. Peptide cyclo-(RGDfC) (RGD) was purchased from Bachem. Holo-transferrin (human) was purchased from Sigma-Aldrich.
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Synthesis of NH 2 -PEG (1)
As shown in Scheme 1, PEG 1000 (4.0 g, 4 mmol, dried by vacuum at 40 °C for 3 hours) was dissolved in distilled THF (50 mL) under argon atmosphere. The solution was cooled to 0 °C using an ice/water bath, before methanesulfonyl chloride (0.50 mL, 6.0 mmol) was added by syringe. Triethylamine (1.25 mL, 9.0 mmol) was then slowly introduced by syringe with immediate formation of a white precipitate. The mixture was allowed to warm to room temperature and stirred overnight under argon. The reaction contents were concentrated and dissolved in ethanol (75 mL). Sodium azide (2.60 g, 40.0 mmol) was then added to the solution, and the reaction was heated to reflux for 18 hours. After cooling, the solvent was removed under reduced pressure. The residue was dissolved with deionized water, transferred to a separatory funnel, and extracted with DCM three times. The combined organic layers were dried over anhydrous Na 2 SO 4 , filtered, and concentrated by rotary evaporator. The residue was dissolved in THF (100 mL), and deionized water (20 mL) was added along with triphenylphosphine (5.33 g, 20 mmol). The reaction was stirred at room temperature overnight. The reaction contents were then concentrated, dissolved in a 0.1 M NaOH aqueous solution, and transferred to a separatory funnel. The solution was washed with a diethyl ether/hexane (80/20) solution, and then extracted with DCM three times. The combined organic layers were dried over anhydrous Na 2 SO 4 , then filtered, and concentrated. The residue was recrystallized from ethyl estate/hexane to yield white waxy solid (77.5% yield). 1 MALDI peak mass (m/z) found: 920 g/mol (n = 20 + Na).
Synthesis of NH 2 -PEG-AGE (2)
NH 2 -PEG 1 (1g, 1 mmol) was dissolved in toluene (30 mL) under argon atmosphere. NaH (36 mg, 1.5 mmol) was then added to the solution. The reaction was heated to 60 °C for 1 hour. Allyl glycidyl ether (0.15 mL, 1.1 mmol) was introduced by syringe to the solution. The reaction was heated up to reflux for 12 hours. The reaction contents were concentrated. The residue was dissolved in the minimal amount of isopropyl alcohol, transferred to a centrifuge tube, and precipitated by addition of cold diethyl ether (−20 °C). The mixture was kept in −20 °C freezer overnight. The mixture was centrifuged, and the supernatant was decanted. The precipitation was repeated twice more, and the solid residue was lyophilized to yield brown solid (94% yield). 1 
Synthesis of diblock copolymer PEG-b-AGE (3)
The flask containing NH 2 -PEG-AGE 2 (0.22 g, 0.2 mmol), AIBN (11 mg, 0.066 mmol), and (3-mercaptopropyl) trimethoxysilane (0.40 mL, 2 mmol) was degassed for 15 min by vacuum, and then distilled THF (20 mL) was added by syringe under argon atmosphere. The reaction was heated up to 70 °C for 24 hours. The reaction contents were then concentrated and the residue was washed by hexane for several times to remove the unreacted (3mercaptopropyl) trimethoxysilane. The washed residue was dried under vacuum to yield light-yellow solid (81% yield). 1 
Coating and stabilizing IONPs with diblock polymer PEG-b-AGE
PEG-b-AGE copolymer was then applied to coat hydrophobic IONPs in the organic solvent based on Scheme 2. Oleic acid coated IONPs (10 mg, with a core diameter of 10 nm or 20 nm) were dispersed in THF (2 mL). The IONP THF solution was added to the PEG-b-AGE solution in THF (18 mL, 5 mg/mL), and stirred for 24 hours at room temperature, allowing for exchange of oleic acids on the IONP surface with PEG-b-AGE polymers. The mixture was then added dropwise to deionized water (200 mL). The resultant solution was dialyzed against water for 48 hours to remove THF and unreacted polymer. The aqueous solution was then centrifuged at 3000 rpm for 5 min to eliminate any large aggregates, yielding the PEGb-AGE coated IONP final product.
Characterization of PEG-b-AGE coating polymer and the PEG-b-AGE coated IONP
The PEG-b-AGE coating polymer was characterized by nuclear magnetic resonance (NMR) instrument (Varian INOVA 400 spectrometer) using CDCl 3 as solvent, and matrix-assisted laser desorption/ionization (MALDI) spectrometry (Applied Biosystems Voyager-DE) using 2,5-dihydroxybenzoic acid matrix.
The average hydrodynamic diameters and the ζ-potential of the PEG-b-AGE coated IONPs were measured by dynamic light scattering (DLS) instrument (Malven Zeta Sizer Nano S-90) equipped with a 22 mW He-Ne laser operating at λ = 632.8 nm. The core diameters of IONP and the thickness of coating polymer layers were viewed and measured using transmission electron microscopy (TEM) (Hitachi H-7500 instrument (75 kV)). A drop of diluted solution was put on the grid and dried in the air.
The concentration of PEG-b-AGE coated IONP was determined using the 1,10phenanthroline colorimetric method. 64 Then the IONP concentration was calculated based on the assumption that the nanoparticle was spherical with a bulk magnetite density of 5.18 g/cm 3 .
The number of -NH 2 groups introduced on the PEG-b-AGE coated IONP was quantified using ninhydrin. [65] [66] [67] Briefly, the ninhydrin stock solution was made by dissolving ninhydrin (1.2 mmol, 213.8 mg) and sodium acetate trihydrate (12.0 mmol, 1632.0 mg) in ethanol (6 mL) and DI H 2 O (6 mL). (3-aminopropyl)trimethoxysilane was used to make a standard curve plotted of the concentration of -NH 2 groups in mM (Y) versus the absorbance of the product derived from ninhydrin and -NH 2 group at 570 nm (X). The (3aminopropyl)trimethoxysilane in ethanol solution was prepared and the concentration ranged from 1 μM to 5 mM. 500 μL of the ninhydrin stock solution was mixed with 200 μL of the (3-aminopropyl)trimethoxysilane solution at different concentrations, and heated to 80 °C for 15 min as the solution turns purple color (Ruhemann's purple). After the solutions were cooled to the room temperature, the absorbance at 570 nm was recorded from 200 μL of the solution from each sample to plot the standard curve. To quantify the number of -NH 2 groups on the PEG-b-AGE coated IONP, 200 μL of the PEG-b-AGE coated IONP with a known concentration was mixed with 500 μL of the ninhydrin stock solution and 1 M sodium acetate solution in ethanol/H 2 O (50/50). Both solutions were heated to 80 °C for 15 min. After being cooled down to the room temperature, 200 μL of the solution from each sample was taken to measure the absorbance at 570 nm. The number of -NH 2 groups on the surface of PEG-b-AGE coated IONP (N) was then determined using the equation (1), where X 1 and X 2 are the absorbance of PEG-b-AGE coated IONP with ninhydrin stock solution and sodium acetate solution, respectively; K 1 is the slope derived from the standard curve, c is the constant derived from the standard curve, and C IONP is the concentration of PEG-b-AGE coated IONP in the unit of mM.
The transverse relaxation times (T 2 ) and relaxivity (r 2 ) of IONPs were determined using a 3 Tesla MR scanner (Tim/Trio, Siemens, Erlangen, Germany). Solutions of PEG-b-AGE coated IONPs (with a core diameter of 10 nm or 20 nm) with different iron concentrations ranging from 0.0045 to 0.0700 mM were prepared and imaged with a multi-echo spin echo (SE) sequence using TR of 2520 ms and 20 TEs, starting at 12.2 ms with increments of 12.2 ms. Mean signal intensity values from regions of interest (ROI) selected from the images of each sample were measured and calculated using ImageJ (National Institutes of Health, Bethesda, MD, USA). The value of the T 2 relaxation time was calculated from the measured average signal intensity (I) at different TEs using a non-linear exponential curve fitting based on Equation (2).
(2)
Examination of stability of PEG-b-AGE coated IONP
The stability of the PEG-b-AGE coated IONP was evaluated by measuring the average hydrodynamic diameters of the nanoparticles in phosphate buffered saline (PBS), 10% (w/v) NaCl aqueous solution, 0.9% (w/v) NaCl aqueous solution, and 100% fetal bovine serum (FBS) at the concentration of 0.1 mg/mL at 1, 2, 4, 8, 12, and 24 hours, respectively. The 10% (w/v) NaCl aqueous solution was used to demonstrate the stability of the PEG-b-AGE coated IONP under great ionic strength. 0.9% (w/v) NaCl solution (saline solution) was utilized to mimic the physiological environment. One hundred percent FBS solution contains a high concentration of proteins, thus was used for testing whether PEG-b-AGE coated IONP is stable upon exposure to proteins in the media. The hydrodynamic diameter change of nanoparticles in FBS would be a direct indication of the formation of a protein corona and possible aggregation as a result. A commercially available amphiphilic polymer coated water-soluble IONP (SHP-20) obtained from Ocean NanoTech was used as the control for comparison. The hydrodynamic diameter change of the SHP-20 (with a core diameter of 20 nm) was also measured in 10% FBS at the concentration of 0.1 mg/mL at 1, 2, 4, 8, 12, and 24 hours, respectively.
Measurement of surface adsorption of proteins
To investigate the formation of the protein corona on the surface of IONPs, PEG-b-AGE coated IONP (with a core diameter of 20 nm, 0.25 mg) and SHP (with a core diameter of 20 nm, 0.25 mg) were incubated with 100% FBS (2 mL) and human plasma (2 mL) for one hour at 37 °C, since a stable protein corona will form over a period of one hour. 51, 52 IONPs were then separated from the media using a magnetic separator. The resultant IONPs were washed with PBS (1 mL) to remove the unattached free proteins, and followed by magnetic separation. The wash-separation process was repeated three times. After free proteins were removed, IONPs were then further washed with 0.1 M KCl solution (1 mL) to wash off the proteins attached to the surface. 50 After IONPs were removed from the KCl solution by a magnetic separator, the amount of proteins in the KCl solution was quantified using the bicinchoninic acid (BCA) protein assay. 68
Quantification of the number of -COOH group on surface
The amount of COOH group on surface was determined using a colorimetric method via the simultaneous binding between Ni 2+ and COOH. 69 Briefly, Ni(ClO 4 ) 2 was added to 100 μL of the IONP solution in PBS to make the final Ni 2+ concentration of 200 μM. After incubating for 10 min, the solution was filtered to remove the IONP. Pyrocatechol violet was then added to the resultant solution to make the final concentration of 200 μM. The absorbance at 650 nm was measured to determine the free Ni 2+ left in the solution. The standard curve of absorbance at 650 nm was plotted against the concentrations of acetic acid (0.8 μM to 1 mM). The COOH concentration (mM) in the original IONP solution can be derived from the concentration difference between added and detected Ni 2+ ion. The average number of COOH group on surface is quantified by dividing the COOH concentration (mM) by the concentration of IONP (mM).
Conjugation of the small RGD peptide
As shown in Scheme 3, the PBS solution of PEG-b-AGE coated IONP (concentration of 2 mg/mL) was incubated with the linker sulfosuccinimidyl-4-(Nmaleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC, at the concentration of 2 mg/mL) for one hour. The solution was purified with a PD-10 column pre-saturated with PBS, followed by incubation with tumor targeting peptide, cyclo-(Arg-Gly-Asp-D-Phe-Cys) or (RGD), at the concentration of 0.2 mg/mL for one hour. The solution of RGD conjugated IONP (RGD-IONP) was obtained after purification with a PD-10 column pre-saturated with PBS. The average number of RGD conjugated to IONP is derived by comparing the RGD concentration (equals to COOH concentration) with the IONP concentration in the RGD-IONP solution.
Conjugation of the large protein transferrin (Tf)
As shown in Scheme 3, the PEG-b-AGE coated IONP was made solution in PBS at the concentration of 2 mg/mL, which was then incubated with the linker Sulfo-SMCC (at the concentration of 2 mg/mL) for one hour. After incubation, the solution was purified with a PD-10 column pre-saturated with PBS to remove the impurity produced during the incubation, obtaining the SMCC modified IONP (SMCC-IONP). On the other hand, transferrin (Tf) was mixed with Traut's Reagent (in the molar ratio of 1:15) in 0.1 M borate buffer (pH 8.5). The solution was incubated overnight at room temperature protected from light. The excess Traut's reagent was removed using a desalting spin column to obtain the thiolated transferrin (Tf-SH). The SMCC-IONP and Tf-SH were then mixed in PBS, and incubated at room temperature for four hours. The transferrin conjugated IONP (Tf-IONP) was separated from the solution using magnetic separator, and washed with PBS. The separation-wash process was repeated three times at 4 °C. The amount of transferrin conjugated to the IONP was derived by comparing the protein concentration of the Tf-IONP, measured by BCA protein assay, with the IONP concentration of the Tf-IONP, determined using the 1,10-phenanthroline colorimetric method.
To make a control sample for testing cell targeting efficiency and targeted imaging, conventional amphiphilic triblock polymer coated SHP-20 was used for conjugating Tf using a protocol published previously; 64 briefly, sulfo-NHS and EDC were added to 1 mg of SHP-20 (0.2 mL, 5 mg/mL) mixed with 0.1 mL activation buffer (pH 5.5) to form final concentrations of 0.125 mg/mL and 0.25 mg/mL respectively. The solution was centrifuged with Centrifugal Devices (MWCO: 300 K, Nanosep) at 2500 rpm for 10 min to remove free EDC and sulfo-NHS after incubating for 5 min. 1 mg of Tf in 0.8 mL coupling buffer (pH 8.5) was then added to the residual solution. The solution was stirred slowly for two hours. Tf-SHP was purified using a magnetic separator for three times at 4 °C.
Cell culture and uptake of nanoparticles
To test the targeting specificity and non-specific cell uptake of nanoparticles, we used selected cell lines with different surface markers at different expression levels, including the U87MG glioblastoma cell line (overexpressing integrin), MDA-MB-231 breast cancer cell line (with a high level of integrin overexpression), MCF-7 breast cancer cell line (with a low level of integrin expression), D556 and Daoy medulloblastoma cells (with high levels of TfR overexpression), A549 lung cancer cell line (with low level of TfR expression), and RAW264.7 macrophages. Cell lines were maintained as an adherent culture and grown as a monolayer in a humidified incubator (95% air, 5% CO 2 ) at 37 °C in a Petri cell culture dish containing medium supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (FBS). RAW264.7 macrophage cells were kept in RPMI1640; the D556 and Daoy cancer cells were kept in EMEM; and the U87MG, MDA-MB-231, MCF-7, and A549 cancer cells were kept in DMEM.
Cells were seeded into an 8-well chamber slide and incubated overnight. The media was then replaced with those containing IONPs at the concentration of 0.2 mg/mL. Cells were incubated at 37 °C for three hours, rinsed by PBS three times, and then fixed with 4% paraformaldehyde in PBS solution, followed by Prussian blue staining for iron, and counterstaining using nuclear fast red solution. Briefly, each well of the chamber slide was filled with 0.25 mL of 5% potassium ferrocyanide (II) trihydrate and 5% HCl solution and incubated for 15 min. After being washed three times with PBS, cells were counterstained with nuclear fast red solution for 20 min. After consecutive dehydrations with 70% and 100% ethanol, the slide was mounted and examined by a light microscope.
Magnetic resonance imaging (MRI) of cell phantoms
PEG-b-AGE coated IONP (with a core diameter of 20 nm), Tf conjugated PEG-b-AGE coated IONP (Tf-IONP), SHP-20, and Tf conjugated SHP-20 (Tf-SHP) were incubated with 8 × 10 6 D556 medulloblastoma brain tumor cells, A549 lung cancer cells and Raw264.7 macrophage cells, respectively, for three hours at 37 °C at the Fe concentration of 0.2 mg/mL. The cells were washed with PBS three times to remove the free IONPs and then resuspended in 1 mL of 1.5% agarose gel at 50 °C before the mixture was cooled to room temperature and solidified for MRI scan. MRI experiments were performed on a 3-Tesla scanner (as described above) using a standard head coil with samples placed in the isocenter of the magnet. MRI contrast and signal changes related to the cell binding to IONPs were evaluated using T 2 -weighted fast SE sequence and multi-TE SE sequence for T 2 mapping. The image analysis was done using the region of interest (ROI) method. 35, 65 In vitro cytotoxicity analysis
The cytotoxicity of the PEG-b-AGE coated IONP, RGD-IONP, and Tf-IONP (with a core diameter of 10 nm) were examined for 1 and 3 days using the MTT assay and RAW264.7 macrophage cells, Hela cells, U87MG glioblastoma cells, MDA-MB-231 breast cancer cells, MCF-7 breast cancer cells, D556 medulloblastoma cells, Doay medulloblastoma cells, and A549 lung cancer cells. In a representative procedure, a total of 10 4 and 3 × 10 3 Raw264.7 macrophage cells were plated in each well of a 96-well plate for 1 and 3 days respectively before washing with PBS (pH 7.4) and adding nanoparticles (i.e. PEG-b-AGE coated IONP, RGD-IONP, or Tf-IONP) at selected concentrations. After incubation, the solutions were removed and cells were washed three times with PBS. Cell viability was then estimated using the MTT conversion test. Briefly, 100 μL of the MTT solution was added to each well. After incubation for four hours, each well as treated with 100 μL of DMSO with pipetting for 5 min. Absorbance at 570 nm was measured on a plate reader. Readings from 6 wells were averaged, and 100% viability was determined for untreated cells. Comparisons of the cell viability with different Fe concentrations with control were performed using one-way analysis of variance and the student t test (unpaired, two tails).
Conclusions
A novel diblock copolymer PEG-b-AGE with capabilities of facile conjugation with different targeting ligands and reducing non-specific protein adsorption and cell uptake has been developed to coat and stabilize IONP. This coating polymer demonstrated an excellent anti-biofouling effect to prevent the formation of protein corona and the non-specific uptake by a variety of human cancer cell lines. As a consequence of the excellent anti-biofouling property, surface functionalized PEG-b-AGE coated IONP conjugated with targeting ligands showed significantly improved targeting specificity and efficiency by reducing off-target and non-specific interactions with biological media, which should enable highly specific targeted drug delivery and imaging with nanoparticles.
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